In this study, an adaptive fuzzy sliding-mode control (AFSMC) system with an integral-operation switching surface is adopted to control the position of an electrical servo drive. The AFSMC system is comprised of a fuzzy control design and a hitting control design. In the fuzzy control design a fuzzy controller is designed to mimic a feedback linearization (FL) control law. In the hitting control design a hitting controller is designed to compensate the approximation error between the FL control law and the fuzzy controller. The tuning algorithms are derived in the sense of the Lyapunov stability theorem, thus the stability of the system can be guaranteed. Moreover, to relax the requirement for the bound of approximation error, an error estimation mechanism is investigated to observe the bound of approximation error real-time. Experimental results verify that the proposed control systems can achieve favorable tracking performance and robust with regard to parameter variations and external load disturbance.
Introduction
Fuzzy control (FC) using linguistic information possesses several advantages such as robustness, model-free, universal approximation theorem and rule-based algorithm [3, 4, 10] . However, the huge amount of fuzzy rules for high-order systems makes the analysis complex. Recently, some researchers proposed fuzzy sliding-mode controllers (FSMC) [2, 8, 15] . Since only one variable (sliding surface) is deÿned as the fuzzy input variable, the main advantage of FSMC system is that the number of fuzzy rules is smaller than that for FLC which usually use the error and the change-of-error as the fuzzy input variables. Choi et al. used a single-input fuzzy variable called signed distance to design the fuzzy sliding-mode controller; however, the membership functions must be assumed to be isosceles torque. With suitable impressed current or ÿeld oriented control [1, 5] , the electromagnetic torque can be simpliÿed as
where K t is the torque constant and i is the control current. Substituting (2) into (1), then the electrical servo drive system can be rewritten in the following form:
where A p = − B=J , B p =K t =J ¿0, D p = − 1=J and u(t)=i(t) is the control e ort.
Fuzzy sliding-mode control
The block diagram of a FSMC system for electrical servo drive is depicted in Fig. 1 , in which Â c (t) is the tracking command. The control problem is to ÿnd a suitable control law so that the rotor position can track speciÿc reference trajectories. Deÿne a tracking error as e(t) = Â(t) − Â c (t):
The ÿrst step of sliding-mode control design is to select a sliding surface that models the desired closed-loop performance in state variable space. Then design the control such that the system state trajectories are forced toward the sliding surface and stay on it. Now, suppose that an integraloperation sliding surface is given as
where k 1 and k 2 are non-zero positive constants. From (5), if the state trajectory of system (3) is trapped on the sliding surface, namely s(t)=ṡ(t)=0, then the equivalent dynamics of system (3) governed by
It is obvious that the tracking error e(t) will converge to zero exponentially if the gains, k 1 and k 2 , are selected properly. The complete rule base of a conventional fuzzy system with n input variables has p n rules, where p is the number of linguistic terms per input variable. As the dimension and complexity of a system increase, the size of the rule base increases exponentially. By deÿning the sliding surface as the input variable of fuzzy rules, the number of fuzzy rules for FSMC is smaller than that for FC, which usually uses the error and the change-of-error as the input variables. The fuzzy rules are given in the following form [2] :
where i ; i=1; 2; : : : ; m are the singleton control actions and F i s is the label of the fuzzy set. The triangular-typed functions and singletons are used to deÿne the membership functions of IF-part and THEN-part, which are depicted in Figs. 2(a) and (b), respectively. The defuzziÿcation of the control output is accomplished by the method of center-of-gravity [4] 
where w i is the ÿring weight of the ith rule.
Adaptive fuzzy sliding-mode control
Assume that the system dynamics are well known and the external load disturbance is measurable, a feedback linearization (FL) control law that achievesṡ(t)=0 can be obtained from (3) and (5)
Substituting (9) into (3) gives
If the control gains k 1 and k 2 are properly chosen such that the characteristic polynomial of (10) 
According to the universal approximation theorem [13] , there exists an optimal fuzzy control system u * fz (s; Q * ) in the form of (11) such that
where is the approximation error and is assumed to be bounded by | |¡E. Employing a fuzzy control systemû fz (s;Q) to approximate u * (t) u fz (s;Q) =Q T^; (14) whereQ is the estimated vector of Q * . The block diagram of an AFSMC system for electrical servo drive is depicted in Fig. 3 . The control law for the developed AFSMC is assumed to take the following form:
where the fuzzy controlû fz is the main tracking controller to mimic the FL control law u * (t) and the hitting control u vs is designed to compensate the di erence between the FL control law and the fuzzy controller. By substituting (15) into (3), it is revealed that
After some straightforward manipulation, the error equation governing the closed-loop system can be obtained through (5), (9) and (16) as follows: And,ũ fz is denoted as
For simplicity of discussion, deÿneQ =Q − Q * to obtain a rewritten form of (18) via (13) and (14) asũ
The basic philosophy of Lyapunov's method is the mathematical extension of a fundamental physical observation: if the total energy of a system is continuously dissipated, then the system must eventually settle down to equilibrium states. Thus, it may conclude the stability of a system by examining the descent variation of an energy function (Lyapunov function) for introducing a suitable control law and associated adaptation rules. In order to force the states s(t) andQ tend to zero, consider a Lyapunov function candidate in the following form:
where Á 1 is a positive constant. Di erentiating (20) with respect to time, it can obtain thaṫ
For achievingV 1 60, the adaptation law and hitting controller are designed aṡ
where sgn(·) is a sign function. Then (21) can be rewritten aṡ
This implies thatV 1 is a negative semi-deÿnite function. Deÿne the following term
Because V 1 (s(0);˜ ) is bounded and V 1 (s(t);Q) is non-increasing and bounded, then
Also,Ṗ(t) is bounded, it can be shown that lim t→∞ P(t)=0 by Barbalat's Lemma [9] . That is, s(t) → 0 as t → ∞. In summary, the AFSMC system is presented in (15) , whereû fz is given in (14) with the parametersQ adjusted by (22) and u vs is given in (23). By applying this adaptive law and hitting control law, the AFSMC system can be guaranteed to be stable in the Lyapunov sense.
Adaptive fuzzy sliding-mode control with bound estimation
In Section 4, the application of the AFSMC system requires the bound of approximation error. However, the bound of approximation error E is di cult to measure for practical applications in industry. If E is chosen too large, the control e ort results large chattering. The chattering phenomenon in the control e ort will wear the bearing mechanism and excite unstable dynamics. If E is chosen too small, the control system may be unstable. For an application in practical design, the bound of approximation error is chosen large enough to avoid unstable. To relax the requirement for the bound of approximation error, the AFSMC system with bound estimation for electrical servo drive is depicted in Fig. 4 . Replacing E byÊ(t) in (23), the following equation can be obtained:
whereÊ(t) is the estimated bound value of the approximation error. Deÿne an estimated error as
In order to force the states s(t),Q andẼ tend to zero, deÿne a Lyapunov function candidate as
where Á 2 is a positive constant. Di erentiating (29) with respect to time and using (22) and (27), it can obtain thaṫ 
For achievingV 2 60, the estimation law is designed aṡ
then (30) can be rewritten aṡ
By Barbalat's lemma [9] , it can conclude that s(t) → 0 as t → ∞. In summary, the AFSMC system with bound estimation is presented in (15), whereû fz is given in (14) with the parametersQ adjusted by (22); u vs is given in (27) with the parameterÊ adjusted by (31). By applying this estimation law, the AFSMC system with bound estimation can be guaranteed to be stable in the Lyapunov sense.
Experimental results
The electrical servo drive used in this study is a three-phase Y-connected four-pole 800 W 60 Hz 120 V=5:4 A type induction servomotor. For the position control system, the braking machine is driven by a current source drive to provide the braking torque (external load disturbance). A servo control card is installed in a control computer, which includes multi-channels of D/A and encoder interface circuits. Digital ÿlter and frequency multiplied by four circuits are built into the encoder interface circuit to increase the precision of position feedback. The proposed control systems are realized in a Pentium CPU via "Turbo C" language and the control interval of the position control loop is set at 2 ms. It is worth to mention that the limitation of the control e ort is ±10 A according to the D/A resolution of the servo control card and the electrical speciÿcation of the induction motor in real drive system. This limitation may discount the trajectory tracking quality of the proposed control systems, and it can be solved via a servo control card with high resolution or the selection of the control parameters carefully. 
Properly choosing the values of k 1 and k 2 , the desired system dynamics such as rise time, overshoot, and settling time can be easily designed by the second-order system shown in (10) . Moreover, the gains, Á 1 and Á 2 , in the proposed control systems are chosen to achieve the superior transient responses by trial and error in the experimentation considering the requirement of stability and the limitation of control e ort. Note that, introducing Á 1 and Á 2 into the derivation process can tune the convergent speed of the adaptation and estimation laws, and it also can be ignored in (20) and (29). In addition, the ÿxed bound E in the AFSMC system can be determined roughly according to the possible operating conditions. Note that, the bound value increases as the amplitude or the frequency of reference trajectory raises since it is concerned with the kind of reference trajectory. First, a FSMC with ÿxed fuzzy rules is adopted to control the electrical servo drive for comparison. The associated fuzzy rules are summarized in Table 1 , in which the fuzzy labels used in this study are negative big (NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS), positive medium (PM) and positive big (PB). The position responses, control e orts and tracking errors of the FSMC system for periodic sinusoidal and triangular commands at examined conditions are depicted in Figs. 5 and 6, respectively. Although favorable tracking responses can be obtained at nominal condition; however, the fuzzy rules must be tuned by time-consuming trial-anderror procedure and the stability of the control system cannot be guaranteed at all times. Besides, when the external disturbance and parameter variations occur, the degenerate tracking responses are resulted. To solve these problems, an AFSMC system for electrical servo drive is developed. With this approach, the fuzzy rules can be automatically adjusted to achieve satisfactory system response by adaptation laws and the stability of the system can be guaranteed in the Lyapunov sense. The position responses, control e orts and tracking errors of the AFSMC system for periodic sinusoidal and triangular commands at examined conditions are depicted in Figs. 7 and 8 , respectively. The robust control performance of the AFSMC system is obvious under the occurrence of the parameter variations and external load disturbance. However, the undesirable chattering phenomena in the control e orts, which are depicted in Figs. 7(b) , (e), 8(b) and (e), are serious due to the excess selection of a bound value in the hitting controller (23). The undesired chattering control e orts will wear the bearing mechanism and might excite unstable system dynamics. Now, an AFSMC system with bound estimation is applied to control the electrical servo drive. The position responses, control e orts and tracking errors of the AFSMC system with bound estimation for periodic sinusoidal and triangular commands at examined conditions are depicted in Figs. 9 and 10, respectively. From the experimental results, the robust control performance also can be obtained; moreover, the chattering phenomena are much reduced in the control e orts according to the on-line adjustment of the bound value in the hitting controller. Compared the experimental results shown in Figs. 5-10, the proposed AFSMC system with bound estimation is more suitable to control the rotor position of the electrical servo drive under the possible occurrence of uncertainties. The conventional non-adaptive fuzzy control scheme is easy to perform in industry due to their simple control structure, ease of design, and inexpensive cost. However, the FSMC with ÿxed fuzzy rules cannot provide perfect control performance if the controlled plant is highly nonlinear and uncertain. Though the AFSMC system with bound estimation expenses extra time with more memory bank to execute the adaptation and estimation laws, it results in superior control performance than the FSMC system. Moreover, recent development in microelectronics and very large scale integration (VLSI) has pushed the performance of microprocessors to an unprecedented level with ever lower-cost. Today high-performance microprocessors and digital signal processor (DSP) can be e ectively used to provide exible environments with high execution rate for advanced control schemes. 
Conclusions
In this study, a fuzzy sliding-mode control (FSMC), an adaptive fuzzy sliding-mode control (AFSMC) and an AFSMC with bound estimation have been adopted to control the rotor position of a computer-controlled electrical servo drive. This study has successfully demonstrated the adaptive technique applied to the design of the stable fuzzy controller. The adaptation laws based on the Lyapunov stability theorem can automatically adjust the fuzzy rules. Thus, the stability of the developed AFSMC system can be guaranteed. Moreover, to relax the requirement for the bound value in the hitting control, an AFSMC system with bound estimation was investigated to control the electrical servo drive. According to the experimental results of the AFSMC system with bound estimation, not only favorable tracking responses can be ensured but also the chattering phenomenon can be much reduced by the estimation mechanism. Two main contributions of this paper are (1) automatic design of fuzzy controller based on stability theory, i.e. the design of such controller is surely stable; and (2) using sliding-mode control technique enables simpler rule base. A comparison of the control characteristics of the FSMC, AFSMC, and AFSMC with bound estimation is summarized in Table 2. From Table 2 , the AFSMC with bound estimation design method yields superior control performance without chattering phenomena than other control schemes. Fig. 10 . Experimental results of AFSMC system with bound estimation for periodic triangular command: (a) position response at external disturbance condition; (b) control e ort at external disturbance condition; (c) tracking error at external disturbance condition; (d) position response at parameter variation condition; (e) control e ort at parameter variation condition, (f) tracking error at parameter variation condition. 
